Sugars such as sucrose serve dual functions as transported carbohydrates in vascular plants and as signal molecules that regulate gene expression and plant development. Sugar-mediated signals indicate carbohydrate availability and regulate metabolism by co-coordinating sugar production and mobilization with sugar usage and storage. Analysis of mutants with altered responses to sucrose and glucose has shown that signaling pathways mediated by sugars and abscisic acid interact to regulate seedling development and gene expression. Using a novel screen for sugar-response mutants based on the activity of a luciferase reporter gene under the control of the sugar-inducible promoter of the ApL3 gene, we have isolated high sugar-response (hsr) mutants that exhibit elevated luciferase activity and ApL3 expression in response to low sugar concentrations. Our characterization of these hsr mutants suggests that they affect the regulation of sugar-induced and sugar-repressed processes controlling gene expression, growth, and development in Arabidopsis. In contrast to some other sugar-response mutants, they do not exhibit altered responses to ethylene or abscisic acid, suggesting that the hsr mutants may have a specifically increased sensitivity to sugars. Further characterization of the hsr mutants will lead to greater understanding of regulatory pathways involved in metabolite signaling.
Sugars such as Glc and Suc regulate many important cellular processes in plants (for review, see Smeekens, 2000; Rolland et al., 2002; Rook and Bevan, 2003) . The expression of genes involved in photosynthate accumulation, mobilization, and storage is regulated by Glc and Suc (Koch, 1996) , and by lightmediated (Neff et al., 2000) and circadian clockmediated (Harmer et al., 2000) signaling mechanisms. This regulatory network serves to integrate the synthesis and use of carbohydrates in different tissues and organs in response to environmental changes and in response to the availability of other nutrients such as nitrogen (Coruzzi and Bush, 2001) . The outputs of this regulatory network maintain an optimal dynamic carbohydrate status. For example, in conditions of high carbohydrate demand and if sufficient light energy is available, the regulatory network increases production and mobilization of photosynthate by increasing expression of genes involved in photosynthesis (Koch, 1996) , and conversely, when photosynthate is not immediately required, genes involved in starch synthesis (Rook et al., 2001 ) are activated to maintain a balance between photosynthate supply, demand, and storage. Transport functions respond to photosynthate availability by modulation of Suc transporter gene expression and protein levels (Chiou and Bush, 1998; Vaughn et al., 2002) to integrate carbohydrate sink demand with carbohydrate source production and export.
Significant progress is being made in identifying the mechanisms controlling carbohydrate status in plants. Genetic screens in Arabidopsis have identified mutants affecting growth, development, and gene expression responses to Glc, Suc, trehalose, and Man (for review, see Rolland et al., 2002; Rook and Bevan, 2003) . The glucose-insensitive germination (gin) and sugar-insensitive (sis) mutants, which exhibit normal seedling development on otherwise inhibitory concentrations of Glc, were identified in screens using the inhibition of germination and seedling establishment by high Glc and Suc concentrations (Zhou et al., 1998; Arenas-Huertero et al., 2000; Laby et al., 2000; Cheng et al., 2002; Gonzalez-Guzman et al., 2002) . Similar screens have identified Glc-and Suc-supersensitive mutants that exhibit seedling developmental arrest on normally noninhibitory sugar levels (Pego et al., 1999; Rolland et al., 2002) . Other screens have used the inhibition of seed germination and seedling establishment by low concentrations of Man to identify Man-insensitive germination (mig) mutants that have been proposed to affect sugar signaling by inhibiting hexokinase activity (Pego et al., 1999) . Recently (Price et al., 2003) , a Glc-sensitive step during early stages of germination has been characterized that demonstrates that low concentrations of Glc can modulate growth and development in Arabidopsis.
Mutants with altered responses to Glc and Suc have also been detected in screens for altered gene expression. The sucrose-uncoupled (sun) mutants, in which plastocyanin gene expression in seedlings is no longer repressed by sugars, were identified using a plastocyanin promoter linked to a luciferase reporter gene (Dijkwel et al., 1997) . The hba and lba mutants exhibit higher or lower levels, respectively, of At␤-Amy transcripts encoding a ␤-amylase gene in response to sugar (Mita et al., 1997a (Mita et al., , 1997b , and the ram1 mutation in a putative splice site eliminates ␤-amylase activity (Laby et al., 2001) . We have previously described a screen using the sugar-regulated ApL3 gene encoding a large subunit of ADP-Glc pyrophosphorylase fused to a negative selection marker. This screen identified the impaired sucrose induction (isi) mutants (Rook et al., 2001) , in which the sugar-mediated increase of ApL3 gene expression was reduced in response to Suc.
Three classes of genes contributing to altered sugar responses have been isolated in the screens described above: those involved in abscisic acid (ABA)-regulated responses, in ethylene-mediated signaling, and those involved in non-ABA or nonethylenerelated processes. Two ABA-related genes have been consistently identified in several screens for sugarresponse mutants. The ABA biosynthetic mutant aba2 (Leon-Kloosterziel et al., 1996; Gonzalez-Guzman et al., 2002) was shown to be allelic to isi4 (Rook et al., 2001) , gin1 (Cheng et al., 2002) , and sis4 (Laby et al., 2000) . sun6 , isi3 (Rook et al., 2001) , sis5 (Laby et al., 2000) , and gin6 (Rolland et al., 2002) are mutations in ABI4, an ABA-regulated transcription factor (Finkelstein et al., 1998) . The dominant ethylene-insensitive mutant etr1 (Bleeker et al., 1988) antagonizes the Glc-insensitive germination of gin1 (Zhou et al., 1998) , suggesting that ethylene response pathways antagonize ABA synthesis (Cheng et al., 2002) . This finding was supported by Ghassemian et al. (2000) , who showed that ABA levels are increased in the ein2/era3 mutant due to ethylene negatively regulating ABA synthesis during germination and early seedling development. The sis1 mutation, isolated in a screen for sugarinsensitive germination, is allelic to ctr1 (Gibson et al., 2001) , further confirming the key role of ethylene signaling in modulating germination by antagonizing the inhibitory effects of ABA. gin2-1 and gin2-2 are mutations in AtHXK1 that cause reduced hexokinase activity, overcome developmental arrest on 6% (w/v) Glc, and cause reduced growth of plants in response to high light intensities (Jang and Sheen, 1994; Moore et al., 2003) . Interestingly, catalytically inactive AtHXK1 was able to rescue these defects, suggesting that the regulatory and catalytic activities of HXK1 are separable. The isi1 and isi2 mutations, which lead to reduced expression of several sugarregulated genes, also do not exhibit ABA-related phenotypes (Rook et al., 2001) .
We wished to identify mutations causing elevated responses to lower concentrations of sugar because screens conducted in these conditions may reveal mutants exhibiting a wider range of whole-plant phenotypes that are responsive to more physiologically relevant sugar levels, and because relatively few mutants with enhanced sugar responses have been characterized to date. Our strategy to obtain this type of mutants was to mutagenize a transgenic line expressing the firefly luciferase reporter gene linked to the Suc-and Glc-regulated ApL3 promoter (Sokolov et al., 1998; Rook et al., 2001) and to screen M2 seedlings for elevated luciferase levels on medium containing 1% (w/v) Suc.
Several high sugar-response (hsr) mutants have been isolated, of which four representative mutants have been characterized in this study. These recessive mutations alter responses to low levels of Suc and Glc, leading to higher expression of a variety of sugarregulated genes, and to reduced expression of genes whose expression is suppressed by sugars. The hsr mutants exhibit, to varying extents, elevated starch and anthocyanin levels, and reduced chlorophyll levels in response to sugars. ABA and ethylene responses appear to be unaffected in the four hsr mutants examined to date. Although no major differences in the growth and development of lightgrown hsr seedlings were seen, development of darkgrown hsr seedlings occurred at lower Suc or Glc concentrations. We propose that these mutants affect the sensitivity of signaling pathways controlling a variety of metabolic and developmental processes.
RESULTS

Identification of hsr Mutants
To screen for mutants with high sugar responses, a transgenic Arabidopsis line that expressed the firefly luciferase cDNA under the control of the ApL3 promoter (Rook et al., 2001 ) was made. A 4.5-kb promoter region was fused at the ATG initiation codon of the ApL3 gene to coding region encoding firefly luciferase (pSP LUC ϩ ; Promega, Southampton, UK), and a 1.5-kb 3Ј region of the ApL3 gene was fused directly after the termination codon. Transformants containing a single locus of the ApL3::LUC construct were obtained. Luciferase activity in line A3L3 was very low on Suc-or Glc-free media and was inducible to high levels in an almost linear response on media containing between 1% and 3% (w/v) Suc or Glc (Fig.  1, A and B ). This line was chosen for further experiments. Mutagenesis was performed as described in "Materials and Methods," and putative mutants exhibiting relatively high luciferase activity were iden-tified in seedlings grown on media containing 1% (w/v) Suc. High luciferase activity was confirmed in 10 lines by rescreening progeny on 1% (w/v) Suc. Four representative hsr (hsr1-hsr4) lines expressing high and intermediate luciferase levels were selected for further analysis. Before further analysis, these lines were back-crossed at least three times to the parental A3L3 line and the mutants were reselected from the F 2 progeny based on increased luciferase activity in 7-d-old seedlings grown on media containing 1% (w/v) Suc. In subsequent phenotypic analysis, the four hsr mutants exhibited no significant differences when Suc or Glc were used, hence their description as hsr mutants.
The four hsr mutants were inherited as single recessive Mendelian loci, and two alleles of hsr2 were identified, but only data for the hsr2-1 allele is presented in this study. Mapping was carried out in crosses to Landsberg erecta as described in "Materials and Methods," and data were confirmed by rescreening and genotyping the progeny of recombinants. hsr1 mapped between markers on the bacterial artificial chromosomes (BAC) T1F9 and F16M19 on chromosome 1, hsr2 mapped at the top of chromosome 4 between markers on BAC F6N15 and T18A10, hsr3 mapped between markers on BAC T4K22 and T8E3 on chromosome 1, and hsr4 mapped between markers on BAC F12F1 and F13B4 on chromosome 1. The ApL3::LUC transgene in line A3L3 mapped to the bottom arm of chromosome 2.
Gene Expression in the hsr Mutants
Analysis of luciferase levels in hsr1 through hsr4 grown on media containing between 0% and 3% (w/v) Suc (Fig. 1A ) and 0% and 3% (w/v) Glc (Fig.  1B ) demonstrated significantly increased luciferase activity in the hsr mutants on low concentrations of both sugars compared with luciferase levels in the parental line A3L3. This demonstrated that the mutants did not have a general increase in luciferase activity but showed increased sugar responsiveness. This increased responsiveness also affected the expression of the endogenous ApL3 gene, as shown by RT-PCR analysis of ApL3 transcript levels in 10-d-old seedlings grown on medium containing 0% or 3% (w/v) Suc in constant light. The expression of ApL3 was increased in all 4 hsr lines in seedlings grown on 3% (w/v) Suc compared with the parental line A3L3. Relatively high transcript levels were seen in the hsr3 and hsr4 mutants, whereas intermediate transcript levels were observed in hsr1 and hsr2 (Fig. 1C ). These differences in ApL3 expression levels between the hsr mutants were consistent with the luciferase data and were also observed in response to 3% (w/v) Glc (data not shown). To further characterize the mutants, we measured the expression of other Suc-and Glc-responsive genes in the hsr mutants. Figure 1C shows the results of a typical RT-PCR analysis of the expression of a selection of genes in 10-d-old seedlings. Expression of the At␤-Amy gene (Mita et al., 1995) was also significantly increased in response to 3% (w/v) Suc, with the highest expression levels seen in hsr3 and hsr4, similar to the pattern observed for ApL3 expression. The expression of VSP1, encoding a Suc-and jasmonic acid-regulated vegetative storage protein (Berger et al., 1995) , is also elevated in hsr3 and hsr4 in response to 3% (w/v) Suc compared with levels seen in the parental line. Expression of the high-affinity hexose transporter AtSTP1 is down- regulated in response to high Glc and Suc levels (Hemmann, 2000) , and the expression of this gene was further down-regulated in the hsr mutants compared with the parental line, with the strongest reduction seen in hsr3 and hsr4. Similar results were obtained from seedlings grown on 3% (w/v) Glc. These data show that, in hsr mutants, expression of Suc-induced genes such as At␤-Amy and VSP1 is enhanced in response to Suc, whereas the expression of genes repressed by Suc is further reduced in response to Suc in the hsr mutants.
The hsr Mutants Develop Normally
Several mutants with altered Glc and Suc responses exhibit a range of developmental and growth defects in light-grown plants. For example, the hba1 mutation (Mita et al., 1997b ) exhibits elevated At␤-Amy expression in response to low Glc levels and increased anthocyanin levels (see below) similar to that seen in hsr3 and hsr4. However, hba1 grew poorly and often did not reach maturity (Mita et al., 1997b) . In contrast, the hsr mutants grew at the same rate as the parental A3L3 line and wild-type Columbia in the greenhouse under short-and long-day conditions and were fully fertile. No changes in flowering time in short-or long-day photoperiods were observed with respect to the parental line. Only subtle phenotypic changes were observed in the four hsr mutants; for example, the relative lengths of the petioles and leaves were reduced (data not shown).
Plant Growth Regulator Responses
Previous screens for altered sugar responses have isolated ABA biosynthetic and response mutants (for review, see Rolland et al., 2002; Rook and Bevan, 2003) . Screens for mutants defective in sugar induction of ApL3 expression identified the isi3 and isi4 mutations (Rook et al., 2001 ) encoding the ABA response transcription factor ABI4 and the ABA2 biosynthetic gene, respectively. Ethylene responses have been implicated in sugar signaling (Zhou et al., 1998; Gibson et al., 2001) , possibly by regulating ABA synthesis (Beaudoin et al., 2000; Ghassemian et al., 2000) . Therefore, we predicted that some of the hsr mutants may exhibit ABA-hypersensitive phenotypes or reduced ethylene sensitivity. ABA responses were tested in the hsr1 through hsr4 mutants by measuring root elongation on media containing 5 m ABA. At this concentration, root elongation is not maximally inhibited by ABA, and elevated sensitivity would have been detected. Root growth in the hsr1 through hsr4 and A3L3 lines was inhibited to an equal extent, in contrast to the ABA-insensitive mutant abi1 ( Fig.  2A) , demonstrating normal ABA responses in the hsr mutants.
The reduction in length of dark-grown hypocotyls in response to 10 m 1-aminocyclopropanecarboxylic acid (ACC, an ethylene precursor) was not significantly different between A3L3 and the hsr mutants (Fig. 2C) , indicating a wild-type ethylene response in the hsr mutants. The ethylene-resistant mutants ein2 (Alonso et al., 1999) and etr1 (Bleeker et al., 1988) were not responsive to ACC in this test, as expected. Therefore, the hsr mutants do not display ABA or ethylene responses previously associated with altered sugar-mediated responses.
Carbohydrate Levels and Uptake in the hsr Mutants
The enhanced responses of the hsr mutants to exogenous Suc and Glc suggest that increased cellular levels of these and related sugars may contribute to these changes. Therefore, Glc, Fru, Suc, and starch levels were measured in 10-d-old seedlings of the Root elongation was measured after 4 d and relative root elongation was calculated relative to root growth on ABA-free plates (n ϭ 18). The ABAinsensitive mutant abi1 was included as a control. There were no significant differences in ABA sensitivity between the A3L3 parental line and the hsr mutants. B, Hypocotyl elongation in response to ACC treatment. Approximately 100 seedlings of the parental line A3L3, hsr1, hsr2-1, hsr3, hsr4, the ethylene-insensitive line ein2, and the ethylene-resistant line etr1 were stratified for 4 d on Murashige and Skoog medium supplemented with 1% (w/v) Suc in the presence and absence of 10 M ACC. Hypocotyl length was measured 6 d after transfer to 20°C in the dark. There were no significant differences between the A3L3 parental line and the hsr mutants.
mutants and the parental line grown on 1% (w/v) Suc in continuous light (Fig. 3A) . These data showed no significant differences in Glc, Fru, Suc, and total sugar levels between the hsr mutants and the A3L3 line, although the hsr mutants did show a trend toward reduced Glc content. Starch levels were slightly increased in hsr3 and hsr4 compared with the parental line A3L3. Thus, the enhanced responses to sugars are not simply due to increased intracellular concentrations of Suc or Glc.
Altered uptake could also contribute to the enhanced responses to Suc and Glc observed in the hsr mutants, therefore, we measured Glc uptake in the hsr mutants. As Suc is cleaved by apoplastic invertase, it is not possible to distinguish between Suc and Glc uptake directly using labeled Suc (Giaquinta et al., 1983) . The characterized hexose transporters in Arabidopsis (Sherson et al., 2000) transport Glc, Man, and Gal efficiently, and mutant lines are available for analysis. The uptake of 14 C Glc into 7-d-old seedlings of the hsr mutants, their parental line A3L3, a transgenic line expressing the Glc transporter STP1 (Hemmann, 2000) under the control of the 35S promoter, and its parental Wassilewskija (Ws) line was measured. There were no detectable differences in 14 C uptake between the A3L3 parental line and the four hsr mutants. The line expressing 35S:STP1 showed greatly elevated levels of 14 C Glc uptake, as expected (Fig. 3B) . We concluded that altered Glc uptake is not responsible for the enhanced responses of the hsr mutants.
Sugar Responses of the hsr Mutants
Several mutants implicated in Suc and Glc responses display decreased sensitivity to the inhibitory effects of high sugar concentrations on seed germination and seedling establishment (Dijkwel et al., 1996; Zhou et al., 1998; Huijser et al., 2000; Laby et al., 2000) . Therefore, we tested if the hsr mutants displayed an increased sensitivity to sugar-mediated inhibition of seedling establishment. Seedling establishment of the hsr mutants was progressively reduced compared with the parental line A3L3 on increasing concentrations of Suc (Fig. 4A) or Glc (data not shown), demonstrating that elevated sugars have an opposite effect on the hsr mutants compared with the responses of Glc-insensitive mutants, such as gin1 (Zhou et al., 1998) .
We conducted further tests on the hsr mutants to determine if seedling responses to Glc were altered. Man-insensitive germination has been used to select for sugar response mutants . Glcinsensitive mutants such as sun6/gin6/abi4 also show Man-insensitive phenotypes and germinate on medium containing 7.5 mm Man, a concentration that strongly inhibits germination of wild-type seedlings (Pego et al., 1999) . Because we expected that the hsr mutants might display a Man-supersensitive phenotype, any resulting further reduction in germination would not be easily distinguished from wild-type responses. Therefore, we compared the Man inhibition of seedling growth after their establishment on Man-free medium. Growth inhibition of hsr seedlings by Man was measured by comparing seedling growth 5 d after transfer to medium containing 3.75 mm Man. After 5 d growth on Man, 90% of A3L3 seedlings continued to grow. In contrast, 60% of hsr1, 80% of hsr2-1, 30% of hsr3, and 25% of hsr4 seedlings survived (Fig. 4B) . These results confirmed that the hsr1, hsr3, and hsr4 mutants exhibit a Mansupersensitive phenotype.
High levels of exogenous Glc and Suc antagonize the light-dependent induction of photogene expression (Krapp et al., 1993; Martin et al., 2002) . To test if this response was more pronounced in the hsr mutants, the chlorophyll content of 10-d-old seedlings was measured after growth on different Suc concentrations. The chlorophyll content of the hsr mutants was more strongly reduced in hsr mutants compared with the parental line at Suc concentrations above 3% (w/v; Fig. 4C ). This reduction could be due to reduced growth and development in the hsr mutants in response to elevated Suc, but this growth reduction . Carbohydrate levels and uptake in the hsr mutants. A, Levels of Glc, Fru, Suc, and starch were measured in 10-d-old seedlings grown on medium containing 1% (w/v) Suc in continuous light. The hsr2-1 allele was used. Significant differences (Student's t test; P Ͻ 0.05) to A3L3 are indicated by an asterisk. B, Glc uptake in 7-d-old seedlings was measured using U-14 C-Glc. Ws is the ecotype transformed with the 35S:STP1 transgene overexpressing the STP1 hexose transporter. SD of three replicates is given. Independent repeats of uptake assays gave similar results. The hsr2-1 allele was used.
High Sugar-Response Mutants Plant Physiol. Vol. 134, 2004 was only observed at Suc concentrations above 5% (w/v; Fig. 4A ). Therefore, the hsr mutants exhibit enhanced repression of chlorophyll synthesis on media containing greater than 3% (w/v) Suc. Similar results were obtained with Glc (data not shown).
Anthocyanins accumulate when Arabidopsis is grown on high concentrations of Suc or Glc (Martin et al., 2002) . Anthocyanin accumulated to higher levels in the four hsr mutants compared with the parental line at elevated Suc (Fig. 4D) and Glc concentrations (data not shown).
Dark Development in the hsr Mutants
Arabidopsis seedlings develop leaf-and flowerlike organs when grown in the dark on vertical plates containing Suc (Roldan et al., 1999) . This dark development or skotomorphogenesis requires direct contact between the shoot apex and the media. To assess this response for analyzing sugar response mutants, we first tested if dark development responds progressively to increasing concentrations of Suc or Glc. Wild-type Columbia seedlings were grown on medium containing different concentration of these sugars in the dark as described in "Materials and Methods," and after 3 weeks, their state of development was recorded. On medium containing 0.1% (w/v) Suc, seedlings did not develop beyond a slight opening of the cotyledonary petioles and expansion of the cotyledon (Stage 1, Fig. 5A ). On medium containing 0.25% (w/v) Suc, the cotyledonary petioles were fully expanded and true leaves had just started to develop (Stage 2, Fig. 5A ). At 1.0% (w/v) Suc, the first pair of true leaves had developed and a clear internode was apparent (Stage 3, Fig. 5A ). The last stage of development identified was called Stage 4 ( Fig. 5A) , in which several pairs of true leaves had formed on medium containing 1.0% (w/v) Suc. Similar responses were observed for Glc (Fig. 5B) .
Dark development was assessed in the hsr mutants on medium containing Glc. On 0.5% (w/v) Glc, most seedlings of the A3L3 parental line did not develop beyond Stage 2 after 3 weeks of growth in the dark (Fig. 5B) . In contrast, nearly 60% of hsr1 seedlings had developed to Stage 3, and greater than 80% of hsr2-1, hsr3, and hsr4 seedlings had reached Stage 3. Ninety percent of Ws seedlings expressing the 35S:STP1 transgene, which exhibits increased Glc uptake (Fig. 3B) , exhibited Stage 4 dark development in these conditions, in contrast to the low levels of dark development seen in Ws. These data showed that increased uptake of Glc can increase the extent of dark development. In contrast, the hsr mutants exhibited a greater extent of dark development than the parental line, whereas their Glc uptake (Fig. 3B) was the same as the parental line. 
DISCUSSION
In developing seedlings, transcript levels of the large subunit of AGPase encoded by the ApL3 gene are low but increase in response to exogenous Suc (Sokolov et al., 1998; Rook et al., 2001) . We have identified hsr mutants that show elevated ApL3 transcript levels in response to low concentrations of Suc or Glc. The first set of representative hsr mutants was selected for characterization because they showed intermediate (hsr1 and hsr2) and high (hsr3 and hsr4) levels of luciferase activity on low concentrations of Suc and Glc. These hsr mutations were fine-mapped to separate recessive loci, and our initial characterization of these mutants shows they are novel and act as negative regulators of sugarinduced and sugar-repressed processes controlling gene expression, growth, and development in Arabidopsis.
Intracellular Sugar Levels, Glc Uptake, and Growth Regulator Responses Are Unchanged in the hsr Mutants
Higher endogenous levels of Suc or Glc in the hsr mutants could explain enhanced responses of ApL3: LUC transgene expression to exogenous Suc and Glc concentrations between 0.2% and 3% (w/v; Fig. 1, A  and B) . However, Glc uptake in the hsr mutants was indistinguishable from the parental line (Fig. 3B) , and Suc, Fru, and Glc levels in the hsr mutant seedlings grown on 1% (w/v) Suc were not significantly different from each other or the A3L3 parental line (Fig.  3A) . These data suggest that changes in whole-plant levels of Suc, Fru, and Glc probably do not account for enhanced responses to Suc or Glc, although more subtle changes in the levels or compartmentalization of these and other key metabolites involved in signaling may contribute to the observed hsr phenotypes.
Because we have demonstrated that ABA can enhance sugar-mediated ApL3 expression (Rook et al., 2001) , we expected that mutants enhancing sugarmediated ApL3 expression, such as the hsr mutants, may also exhibit enhanced responses to ABA or reduced responses to ethylene. However, root elongation on 5 m ABA ( Fig. 2A) , a concentration that only partly inhibited root elongation in the parental line, was not different between the parental line and the hsr mutants. The enhanced sugar sensitivity of the hsr mutants is also not due to ethylene insensitivity (Zhou et al., 1998) , as hypocotyl elongation is equally sensitive to ethylene inhibition in the hsr mutants and the parental lines (Fig. 2B) . Thus, these hsr mutations do not appear to have altered ABA and ethylene responses, and they do not have altered sugar levels or Glc uptake functions, suggesting they may have altered sugar-specific responses. This may be due to performing the mutant selection on low concentrations of sugar that do not induce osmotic responses such as ABA biosynthesis (Rook and Bevan, 2003) . Roldan et al. (1999) showed that dark-grown seedlings develop leaf-and flower-like structures if the shoot apex is in direct contact with Suc-containing medium. Low concentrations of Suc (1%, w/v) were sufficient to promote this skotomorphogenesis, and an increase in the rate of development was observed on media containing 3% (w/v) Suc (Roldan et al., 1999) , suggesting that Suc availability at the shoot apex is required to induce and maintain development in the absence of light. We were interested in this observation because it can be used to study sugar-dependent growth and development in the absence of photosynthate production. The hsr mutants show increased dark development in response to Glc (Fig. 5B) . A transgenic line overexpressing the STP1 Glc transporter (Hemmann, 2000) that has greatly enhanced Glc transport capacity (Fig. 3B ) exhibited a greater degree of dark development than the parental line or the hsr mutants on Glc (Fig. 5B) , showing that increased Glc uptake can promote dark development. However, Glc uptake in the hsr mutants was indistinguishable from the parental line (Fig. 3B) , suggesting that the shoot apex of the hsr mutants may have enhanced sensitivity to Glc, or that altered partitioning of carbohydrates to the shoot meristem leads to enhanced development in the dark.
Skotomorphogenesis Is a Sensitive Indicator of the Effects of Sugars on Growth and Development
Because organ development observed during skotomorphogenesis requires cell division and is dependent on exogenous sugar, it is possible that the HSR genes may affect responses of the cell cycle to sugars. This interpretation is supported by the observation that sugar starvation arrests the cell cycle in a quiescent state and sugar reapplication promotes synchronous passage through G1 in Arabidopsis cell cultures (Riou-Khamlichi et al., 2000) . The responsiveness of the dark development phenotype to low, physiologically relevant Glc and Suc levels suggests that it will be an important method for identifying and understanding the links between metabolite provision and perception, cell division, and growth control.
The hsr Mutants Affect Several Sugar-Regulated Cellular Processes
Comparison of seedling establishment, anthocyanin and chlorophyll levels, and gene expression in the hsr mutants with other mutants affecting sugar responses reveals a range of unique and informative phenotypes in the hsr mutants, and demonstrates that the screen for enhanced sugar-responsive gene expression identifies mutants affecting several cellular responses. Pego et al. (2000) gave a preliminary description of glucose-supersensitive (gss) and sucrosesupersensitive (sss) mutants that were unable to germinate or develop in the presence of noninhibitory sugar concentrations. It is possible that some of the sss mutants may be allelic to the hsr mutants described here because the sss mutants were screened on medium containing 12% (w/v) Suc and the hsr mutants characterized to date show increased sensitivity of seedling establishment to Suc concentrations above 6% (w/v) Suc (Fig. 4A) . Mutants displaying the glucose-oversensitive (glo) phenotype (Sheen et al., 1999; Rolland et al., 2002) might also be expected to have some phenotypes in common with the hsr mutants, but these have not yet been described in detail. Anthocyanin levels in the hsr mutants are elevated above those measured in the parental line in response to 5% (w/v) Suc (Fig. 4D) . The hba1 mutation (Mita et al., 1997b) , and the prl1 mutation (Németh et al., 1998) , which causes a wide range of light-grown phenotypes that can be phenocopied by sugar and cytokinin treatment, exhibit increased anthocyanin levels in the absence of stimuli such as light. In contrast, anthocyanin levels in the hsr mutants are at wild-type levels at low sugar concentrations but increase to higher levels than wild type at above 5% (w/v) Suc. Mutants with reduced ABA responses (Dijkwel et al., 1997; Zhou et al., 1998) and reduced sugar-mediated responses (F. Rook and M.W. Bevan, unpublished data) lead to reduced anthocyanin accumulation, demonstrating a reciprocal response to that seen in the hsr mutants. Chlorophyll levels are reduced in response to Glc and Suc (Sheen, 1990) , and transcript levels of photogenes such as CAB and RbcS are reduced when Suc is applied to leaves or Suc export is disrupted (Krapp et al., 1993; Jang and Sheen, 1994) . Chlorophyll levels in the hsr mutants were significantly reduced at high Suc concentrations compared with the parental line (Fig. 4C) . As internal sugar levels are not detectably altered in the hsr mutants, it is possible that photogene expression and protein levels may be more responsive to sugarmediated inhibition in the hsr mutants. The enhanced sensitivity of hsr1, hsr3, and hsr4 seedlings to Man (Fig. 4B) is also a reciprocal response to that shown by glucose-insensitive mutants (Pego et al., 1999) . The increased Man toxicity in these hsr mutants suggests that the hsr and some gin mutants may have opposed regulatory functions on a common pathway.
Consistently altered patterns of gene expression were observed in the hsr mutants that are different from patterns of gene expression seen in other mutants affecting sugar-mediated gene expression. The hsr mutants show enhanced expression of At␤-Amy in response to 3% (w/v) Suc (Fig. 1C) , but on 1% (w/v) Glc or Suc, expression levels were not detectable. This is in contrast to the hba1 mutant that showed elevated At␤-Amy expression on medium containing no or high Suc (Mita et al., 1997b) . This suggests the hsr and hba1 mutants affect At␤-Amy transcript levels differently. The observation that the hba mutant grew poorly on Suc-containing medium further suggests the hba and hsr mutants are probably not allelic. Genes whose expression is induced or repressed by Glc or Suc were expressed at higher level in the prl1 mutant on medium containing 3 mm Glc, thus PRL1 also affects sugar-regulated gene expression differently from the hsr mutants (Németh et al., 1998) . Our survey of gene expression in the hsr mutants suggests that HSR genes may encode proteins that negatively regulate the induction and repression of gene expression by sugars because At␤-Amy, VSP1, and ApL3 expression in response to Suc is enhanced, and the reduction of STP1 gene expression is further reduced in response to Suc.
The recessive nature of the hsr mutations implies that the HSR gene products may act to repress sugaractivated and sugar-inhibited processes. Reduced function of the HSR gene products then leads to enhanced responses of a range of whole-plant developmental, growth, and metabolic processes to low, physiologically relevant, concentrations of exoge-nous Suc or Glc. The observation that hsr mutants show opposite responses of sugar-regulated gene expression to the isi1 and isi2 mutants (Rook et al., 2001) in the absence of any detectable ABA-related phenotypes suggests that the hsr mutants may reciprocally affect sugar-mediated processes related to those affected by the isi1 and isi2 mutations. We do not yet know if the increased sugar responsiveness of the hsr mutants is due to altered partitioning of key metabolites or signaling molecules, or to altered responsiveness of signal pathways to normal levels of key metabolites or signaling molecules. The isolation and characterization of HSR genes will help to distinguish between these distinct hypotheses.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Wild-type and transgenic Arabidopsis lines were the Colombia-0 ecotype unless otherwise specified. 
Construction of the Parental Line
The ApL3::LUC reporter gene construct was made essentially as described for the ApL3:P450 reporter gene construct (Rook et al., 2001) . The luciferaseencoding NcoI/EcoRI fragment of plasmid pSP luc ϩ (Promega) was used as reporter. After cloning of the construct into pGreen0029 (Hellens et al., 2000) Arabidopsis ecotype Colombia-0 was transformed using Agrobacterium tumefaciens strain GV3101 (pMP90). Transformants were selected on Murashige and Skoog medium containing 1% (w/v) Glc and 50 g mL Ϫ1 kanamycin and lines with single insertion sites were identified by segregation of kanamycin resistance.
Isolating and Mapping the hsr Mutants
From the ApL3::LUC transformants, line A3L3 was selected for mutagenesis as it showed clear sugar-responsive LUC activity. Approximately 20,000 seeds were treated with a 0.5% (w/v) ethyl methansulfonate (Sigma, Poole, UK) for 6 h. The mutagenized M 1 seeds were sown in 70 pools on soil. The harvested M 2 seeds were surface-sterilized and grown in microtiter plates on Murashige and Skoog medium containing 1% (w/v) Suc in continuous light. After 7 d growth, a total of 20,000 M 2 seedlings representing 3,000 M 1 plants were screened using a Victor Luminometer (Wallac/Perkin-Elmer, Boston). Five minutes after spraying with a 1 mm luciferin (Duchefa) and 0.01% (v/v) Triton X-100 solution, luciferase activity was measured for 1 s. Seedlings showing higher luminescence than the parental line grown in the same plate were selected. The progeny of putative mutants were rescreened and 10 mutants were confirmed. Four representative mutants were selected for further analysis. These were mapped from the F 2 population of crosses to Arabidopsis ecotype Landsberg erecta using simple sequence length polymorphic (Bell and Ecker, 1994) and cleaved-amplified polymorphic sequence (Konieczny and Ausubel, 1993) markers. About 200 chromosomes were tested to map each mutant.
RNA Isolation and RT-PCR Analysis
RNA was extracted from frozen ground plant material using TRIZOL reagent (Life Technologies, Paisley, UK) according to the manufacturer's protocol. RT and control reactions were performed as described in Baier et al. (2000) . The cDNA samples were standardized on actin transcript amount using the primers Atact-S and Atact-A (Baier et al., 2000) . The following gene-specific primers were derived from database entries: ApL3-S: CGT-CTGAATCATGCAACC; ApL3-A: GCATTTCCTGATCTTTGTATCCTCG; ␤-Amy-S: CGGAGAAGGGGAAGTTTTTC; ␤-Amy-A: AATCTCATGCCCG-TACTTCG; Vsp1-S: CGTGGTTAGAGTCCGGAGAA; Vsp1-A: TGTTGTAC-CCTTTCTTCACAAGG; Stp1-S: TTCTTTCAACAGCTAACCGGAATCA; and Stp1-A: GGCTAATACACTTTTTCCTTTACGACA. Each pair of primers amplified a single 500-to 600-bp PCR product. Relative transcripts levels were visualized by reducing the cycle number until the rate of PCR product generation was in the early exponential stage of amplification. Twentymicroliter samples were loaded on 1% (w/v) agarose gels in 1ϫ Tris-acetate EDTA buffer containing 0.5 g mL Ϫ1 ethidium bromide and they were electrophoresed at 100V.
Carbohydrate, Chlorophyll, and Anthocyanin Analysis
Glc, Fru, and Suc were measured sequentially in cleared supernatants of K 2 CO 3 -neutralized HClO 4 extracts of ground, frozen plant material (Galtier et al., 1995) . Glc-6-P dehydrogenase-mediated NADP reduction was measured at 340 nm in a Tecan Saffire plate reader (Tecan UK, Milton Keynes, UK) in a reaction mixture containing 100 mm HEPES-KOH (pH 7.5), 5 mm MgCl 2 , 3.2 mm NADP, 2 mm ATP, and 4 U mL Ϫ1 hexokinase after subsequent additions of 20 U mL Ϫ1 Glc-6-P dehydrogenase (Glc), 40 U mL Ϫ1 phosphoglucoisomerase (Fru), and 250 U mL Ϫ1 invertase (Suc). Starch was measured in the insoluble fraction of the HClO 4 homogenate after extraction of the pheophytins with 80% (w/v) acetone and washing the remaining pellet with water. Glc was released from starch by a 1-h incubation at 95°C and by a 2-h incubation at 50°C with 12 U mL Ϫ1 ␣-amylase and 2.4 U mL
Ϫ1
amyloglucosidase in 50 mm sodium acetate buffer, pH 4.8. Glc was then measured as described above. All enzymes and substrates were purchased from Roche Diagnostics (Mannheim, Germany). Carbohydrate measurements were standardized according to the fresh weight of the tissues extracted. For chlorophyll measurements, the plant material was extracted in 80% (v/v) acetone saturated with CaCO 3 in the dark at Ϫ20°C. Anthocyanins were extracted in 1% (v/v) HCl in methanol. These pigments were assayed in the cleared supernatants after 5 min centrifugation at 10,000g. The chlorophyll content was quantified according to Arnon (1949) , and anthocyanins were quantified according to Mancinelli et al. (1975) .
Glc Uptake Measurements
Seedlings were grown in continuous light (60 E m Ϫ2 s Ϫ1 ) on vertical agar plates containing 1ϫ Murashige and Skoog medium, 0.5% (w/v) MES, pH 5.7, and 0.8% (w/v) agar for 7 d. Ten milligrams of tissue (7-9 seedlings) was immersed in 0.19 mL of Murashige and Skoog medium, vacuum infiltrated using a water pump for 3 min, and left at room temperature (20°C) for 30 min to equilibrate. d-[U-
14 C]-labeled Glc (0.1 Ci; Amersham, Buckinghamshire, UK) was added in 10 L of water to give a final Glc concentration of 150 m and was incubated at room temperature for 30 min. The unincorporated label was removed and the tissue was washed five times with ice-cold 1ϫ Murashige and Skoog medium containing 1 mm unlabeled Glc. Finally, the samples were extracted twice with 1 mL of 80% (v/v) ethanol at 60°C, and the amount of label in the combined soluble extracts (in excess of 90% of the incorporated label) was determined by liquid scintillation counting.
